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Abstract 21 

Genetically similar organisms act as a powerful study system for the subtle differences in various 22 

aspects of life histories. The issue of trade-offs among traits is of special interest. We used six 23 

parthenogenetic rotifer clones previously exposed to different thermal laboratory conditions. 24 

Interclonal differences in female body size were examined in common garden conditions. We 25 

estimated the population growth rate and strength of the size-to-temperature response across four 26 

thermal regimes. We tested hypotheses on the existence of the relationships between (i) thermal 27 

acclimation and species body size, (ii) thermal specialization and fitness and (iii) thermal 28 

specialization and strength of the temperature-size rule. Positive verification of (i) would make it 29 

justifiable to refer the other investigated traits to thermal preference and, further, to thermal 30 

specialization. Addressing the issues (ii) and (iii) is our pioneering contribution to the question on 31 

the strength of size-to-temperature response as differing across life strategies. We hypothesized 32 

that this plastic response may be affected by the level of thermal specialization and that this 33 

pattern may be traded off with the temperature-dependent potential for population growth rate. 34 

Additionally, we investigated the differences in reproductive strategy (number of eggs laid by a 35 

female and female lifetime duration) in one temperature assumed optimal, which acts as an 36 

important supplement to the general clonal life strategy. We confirmed that the thermal 37 

acclimation of a clone is related to body size, with clones acclimated to higher temperatures 38 

being smaller. We also found that warm-acclimated clones have a narrower thermal range (= are 39 

more specialized), and that the temperature-size rule is stronger in rotifers acclimated to 40 

intermediate thermal conditions than in specialists. Our results contribute into the issue of trade-41 

offs between generalist and specialist strategies, in the context of plastic body size respone to 42 

different temperatures. 43 
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 46 

Introduction 47 

Optimal allocation theory states that living organisms optimize their strategies of the allocation of 48 

limited resources among the functions associated with maintenance, repair and reproduction. Any 49 

given set of abiotic and biotic conditions provides a unique, optimal strategy, and trade-offs 50 

among life history traits are at the base of such strategies (Cody 1966; Kozłowski 1992; 51 

Kozłowski 2006; Roff 1992; Stearns 1992). The pattern of limited resources causing the traits to 52 

trade is complex and troublesome with regard to straightforward inferences and conclusions 53 

(Acerenza 2016; Lailvaux and Husak 2017; Roff and Fairbairn 2007). Going a step further, 54 

DeWitt (2016) stressed the importance of including not only trait means but also the shape (i.e., 55 

skew) of phenotypic plasticity in studies on life-history optimization in ecological contexts. 56 

According to the author, the strength of phenotype distribution across environments should be 57 

optimized by means of natural selection. Phenotypic plasticity is a non-random variance in a 58 

given trait that does not involve differences in genotype, an idea that has been well established 59 

since Levins (1968). However, this idea is still not well integrated with life-history theory 60 

(DeWitt 2016). In this study, we investigated how the strength of the phenotypic size-to-61 

temperature response varies in six parthenogenetic rotifer clones previously exposed to different 62 

temperatures in the laboratory. 63 

The phenotypic achievement of smaller body size with increasing temperature in ectotherms is a 64 

widely observable but not fully understood phenomenon called the temperature-size rule (TSR, 65 
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Atkinson 1994). Revealing the adaptive significance of this pattern is one of the largest 66 

challenges facing evolutionary biology (Berrigan and Charnov 1994), especially given that it 67 

concerns one of the most important organismal traits, body size (Hildrew et al. 2007; Kozłowski 68 

2006; Stearns 1992), and one of the most evolutionarily influential environmental variables, 69 

temperature (Johnston and Bennett 2008). Direct confirmation of the adaptive significance of the 70 

TSR was provided by Walczyńska et al. (2015a) for Lecane inermis rotifer. In the first step of our 71 

study focusing on the same species, our goal was to confirm whether thermal acclimation is 72 

linked with thermal preference through body size at the interclonal level, namely, whether the 73 

clones prefer the temperature they were acclimated to. Given that the TSR is the adaptive body 74 

size adjustment to given thermal conditions, clones acclimated to lower/higher temperatures 75 

should prefer the respective thermal range, and further, those acclimated to lower/higher 76 

temperature should display larger/smaller body sizes, respectively. 77 

The next step of the study was to link thermal preference with thermal specialization through 78 

fitness. We predicted that clones preferring low or high temperature would specialize to the 79 

respective thermal range and would perform better (= have higher fitness) at those respective 80 

temperatures than other clones. This prediction is based on the optimal allocation theory, which 81 

assumes the existence of resource limitations that force trade-offs and consequently diversify the 82 

life strategies of organisms. Some historical predictions were made regarding the level of 83 

ecological specialization and performance. The most classical one was proposed by Levins 84 

(1968). He assumed a distinction between generalists, characterized by relatively high and flat 85 

performance across environments, and specialists, which perform better in one type of 86 

environment than in others. This idea was challenged multiple times, and the thermal biology 87 

field displays both empirical evidence in favor of (Foray et al. 2011; Griffith and Sultan 2006; 88 
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Verberk et al. 2010; Walczyńska and Serra 2014) and against predictions (Berger et al. 2014; 89 

Knies et al. 2009; Sheth and Angert 2014). However, the most intuitive argument in favor of the 90 

existence of such a trade-off came from work on the temperature dependence of proteins (Fields 91 

2001), which showed that enzymes can be either molecularly stable (a “specialist”) or structurally 92 

flexible (a “generalist”) depending on the physical role they play, but not both. Therefore, 93 

enzymes adapted to work at one temperature will be unable to function at suboptimal 94 

temperatures unless their structure is modified (Fields 2001). 95 

In the final step, we switched from the single phenotype to the variable phenotypes perspective, 96 

namely, phenotypic plasticity. Divergent natural selection resulting from environmental variation 97 

creates functional trade-offs between environments; organisms adapted to one environment 98 

present reduced performance in alternative environments (DeWitt and Langerhans 2004). 99 

Moreover, theoretical modeling predicts that the strategy of intermediate phenotypes, the 100 

generalists, is to reduce variance in performance across environments (DeWitt and Langerhans 101 

2004). We use this theoretical background for the first time in the context of the strength of 102 

plastic size response to temperature. We test this novel suggestion on six clones of Lecane 103 

inermis rotifer species.  104 

Under these theoretical assumptions, we aimed to match the general interclonal potential for 105 

phenotypic plasticity in size response to temperature with performance measured in the most 106 

universal evolutionary currency, fitness. To date, there is no information in the literature on the 107 

possible trading off between the size-to-temperature response and general thermal preferences, 108 

except for some suggestions presented by Walczyńska and Serra (2014). The authors suggested 109 

that the differences in the strength of the TSR response found in three Brachionus species 110 

belonging to the Brachionus plicatilis cryptic species complex might be attributed to the level of 111 
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species thermal specialization, with generalists showing more flexible plastic body size 112 

adjustment across temperature than specialists (Walczyńska and Serra 2014).  113 

Clones, which are highly genetically similar organisms, provide a promising system for 114 

understanding the subtle details behind the observed eco-evolutionary processes. The interclonal 115 

perspective in studies on the temperature effect was previously successfully applied to 116 

reproductive strategy in the  Lecane inermis rotifer studied here (Fiałkowska et al. 2011) and to 117 

size at maturity and asymptotic size (Hoefnagel et al. 2018) and vital rates (Bruijning et al 2018) 118 

in Daphnia magna. In this study, we explored the unique opportunity of possessing in the 119 

laboratory six clones of Lecane inermis Bryce (Rotifera) that were previously exposed to 120 

different thermal regimes. We assumed that they exemplified different thermal preferences 121 

gained through adaptive mechanisms. Our reasoning involved treating the clone-specific body 122 

size information as a link between thermal acclimation (warm-, intermediate temperature- or 123 

cold-acclimated clones) and thermal preference, based on the theoretical predictions as described 124 

above. If our predictions are correct, this linkage would justify that we refer our results to the 125 

clonal thermal preferences. We estimated the thermal sensitivity of both the population growth 126 

rate r and the size-to-temperature response across the same four thermal regimes. Additionally, 127 

we searched for possible differences in the clone-specific reproductive strategy of females 128 

(number of eggs laid and duration of life) at the temperature assumed optimal. Such differences 129 

would facilitate the interpretation of the results on the general performance and the abilities of 130 

plastic response to environmental changes. 131 

Based on the theoretical predictions on the performance of generalists vs. specialists in different 132 

environments (DeWitt and Langerhans, 2004; Levins, 1968) we hypothesized the following 133 

patterns in phenotypic size-to temperature response (Atkinson,1994 ): 134 
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H1: body size of clones differs according to their thermal acclimation; cold-acclimated clones are 135 

the largest, followed by intermediate clones, and the smallest are warm-acclimated clones; 136 

H2: cold- and warm-acclimated clones are more specialized (= have higher fitness) to lower or 137 

higher temperatures, respectively, than clones acclimated to intermediate temperatures (= 138 

generalists); 139 

H3: phenotypic size response to temperature (TSR) is stronger in clones acclimated to 140 

intermediate temperatures than in more specialized cold-acclimated and warm-acclimated clones. 141 

 142 

Material and Methods 143 

Clones isolation and maintenance. Lecane inermis is a bacterivorous, monogonont rotifer 144 

species occurring in psammolittoral fresh and brackish water bodies that is relatively common 145 

worldwide (Bielańska-Grajner et al. 2015). It is a frequent inhabitant of wastewater treatment 146 

plants (Klimowicz 1989), from which all the investigated clones were isolated. Its lifecycle 147 

consists of the sexual and asexual phases (Miller 1931), although in most cases, the sexual phase 148 

disappears in the populations from the wastewater treatment plants (Pajdak-Stós et al. 2014). The 149 

generation time estimated for one clone is approximately 2 days between 15 °C and 25 °C 150 

(Walczyńska et al. 2015b), while a doubling time for another four L. inermis clones was 151 

estimated to be 1.48-1.73 days at 20 °C (Fiałkowska et al. 2011). The size of eggs constitutes the 152 

exceptionally large proportion of the female size, and consequently, the size of newly hatched 153 

females is 71% of adult females on average (Miller 1931). L. inermis has been intensively 154 

investigated regarding the phenomenon of the temperature-size rule. It follows this rule both in 155 

the laboratory and in the field (Kiełbasa et al. 2014) and displays adaptive body size adjusted to 156 

temperature-dependent oxygen levels (Walczyńska et al. 2015a) in a mechanism controlled at 157 

two points within the lifecycle (Walczyńska et al. 2015b). 158 
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Details about the isolation and laboratory maintenance of the clones used in the study are 159 

provided in Table 1. For each clone, the isolation was started from one individual fed with 25 µl 160 

of 3‰ molasses solution or 10 µl of suspension of NOVO, a nutrition powder used for rotifer 161 

mass culture (patented by Pajdak-Stós et al. 2017), 0.20 g NOVO in 50 ml of Żywiec spring 162 

water. The proliferated clones were cultured in 24-well tissue culture plates in Żywiec brand 163 

spring water (Poland), fed with NOVO and kept in darkness. Clones selected for high 164 

performance at a lower temperature, specifically 8 °C or 15 °C, were transferred to the new wells 165 

in the tissue culture plates every two weeks. Other clones were passaged every week. The clones 166 

included in Table 1 are those showing the highest proliferation under such selection from among 167 

all the clones tested. In 09/2016, all the clones, except for Warm2, were transferred to 25 °C 168 

(darkness) in Żywiec medium-fed NOVO. We assumed that the best-performing clones 169 

underwent some adaptive mechanisms to the given thermal conditions, and this condition-170 

specific selective force might have differentiated the clonal general life histories. Clone Warm2 171 

was transferred from 20 °C to 25 °C in 06/2017. All clones were exclusively parthenogenetic, 172 

which is typical of L. inermis from this type of habitat (Pajdak-Stós et al. 2014). 173 

Body and egg size. For each clone, the subsamples were taken from the stock populations 174 

maintained in common garden conditions at 25 °C and were fixed with Lugol solution. 175 

Approximately 50 females and 30 eggs per temperature were photographed using the Nikon 176 

Eclipse 80i microscope, Nikon DS-U1 camera and NIS Elements software. The length and width 177 

were measured in ImageJ (NIH, USA), and their product was treated as an area measure.  178 

Fecundity. In 06/2017, 60-mm Ø Petri dishes with a small number of females representing three 179 

clones, Int2, Cold, and Warm2 (one dish per clone), were transferred to 30 °C and fed with 10 µl 180 

of the commercial bioproduct Biotrakt® (Zielone oczyszczalnie, Poland). The choice of 181 

temperature was dictated by the results indicating that the optimal temperature for Lecane inermis 182 
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clone Lk6 was 31 °C (Walczyńska et al. 2016). After two days, which was necessary to obtain 183 

the next-generation females from freshly laid eggs, 24 individual young females per clone were 184 

transferred to separate wells in 24-well tissue culture plates (TPP, Switzerland) with 1 mL of 185 

Żywiec medium and 10 µl of 10× diluted Biotrakt® per well. The number of eggs laid per female 186 

was checked daily under a stereomicroscope. In one case, the gap between two checks was two 187 

days. If eggs were observed, a female was transferred to a new well (with the same conditions as 188 

previously described) to avoid the counting of eggs laid by the next-generation females. The 189 

death of each female was noted. This procedure was continued until the last female died. After 190 

completion of this stage, the same procedure was conducted for another three clones: Int1, Int3 191 

and Warm1. The eggs laying was examined daily except for one case, where the gap between the 192 

inspections was two days. 193 

Growth rate estimation. In 07/2017, populations of all six clones were established in four 194 

temperature treatments: 15, 20, 25 and 30 °C. The initial numbers were 10 females × three 195 

replicates per clone. The cultures were kept in six-well tissue culture plates (TPP, Switzerland), 196 

with Żywiec as the medium supplemented with 20 µL of Biotrakt®. The number of females was 197 

counted twice, with a 1-2-day gap between the counts, to correct for growing processes being 198 

physically dependent on temperature (a longer gap was applied at the two lower temperature 199 

regimes). These numbers were then used to calculate the population growth rate r according to 200 

the formula r = (ln(x2) - ln(x1))/t, where x2 – number of individuals in count II, x1 – number of 201 

individuals in count I, and t – time in days.  202 

Size-to-temperature response examination. In 08/2017, approximately 60 individuals per clone 203 

per temperature, derived from the cultures maintained for growth rate estimation, were fixed with 204 

Lugol solution for size measurements. The rotifers were photographed using a Nikon Eclipse 80i 205 
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microscope, Nikon DS-U1 camera and NIS Elements software. The lengths and widths of 206 

individuals were measured using ImageJ (NIH, USA), and their product was used as a proxy for 207 

area.  208 

Statistical analyses. All the analyses were performed in Statistica 13 (StatSoft 2014). Parametric 209 

tests were conducted when the assumptions were met. Under assumptions violation, the non-210 

parametric tests were conducted. In the case of size, simple regression was used to test for the 211 

relationship between clone-specific female size and egg size. We tested for the differences in the 212 

number of eggs laid per day of female life using the Kruskal-Wallis test. The differences in the 213 

growth rate between clones were tested using one-way ANOVA for each temperature separately 214 

(the lack of homogeneity of variance prevented joint analysis). The differences in body size 215 

between clones (the plastic size responses) were tested using one-way ANOVA for each 216 

temperature separately because of the violation of the assumption of the homogeneity of 217 

variance. The same reason prevented parametric analysis at 30 °C. In this case, the differences 218 

were tested with the Kruskal-Wallis test. To compare the temperature effect on growth rates 219 

among the groups of thermal acclimation, one value describing a common slope of response 220 

across temperature was estimated for each clone using the simple regression model (statistics 221 

presented in Table 2), and then these values were compared among clones in a one-way ANOVA 222 

for the groups of warm-, cold- and medium-temperature acclimation. The same procedure was 223 

applied to compare the strength of TSR among the groups of thermal specialization, and the 224 

statistics are presented in Table 2. 225 

 226 

Results 227 

Body and egg size. The female size in µm
2
 and respective egg size for each clone are provided in 228 

Table 3. There was no interclonal relationship between female size and egg size (slope = 0.15, 229 
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R
2

(adj) = 0.025, p = 0.35; Fig. 1A). The average egg size as a proportion of mother size reached 230 

78% (from 73% for Int3 to 85% for Warm1). 231 

Fecundity and lifespan. At the common temperature of 30 °C assumed optimal, clones differed 232 

in the mean number of eggs laid by the females (Kruskal-Wallis test: H(5, 125)=15.3, p = 0.009) 233 

and in the female lifespan duration (Kruskal-Wallis test: H(5, 125)=13.9, p = 0.016). The females 234 

laid significantly more eggs with the lifetime duration (slope = 2.2, R
2

(adj) = 0.76, p < 0.0001), 235 

with the Cold clone being the most fecund, followed by both warm clones and, finally, the least 236 

fecund intermediate clones (Fig. 1B). 237 

Growth rate and temperature-size rule. There were significant differences among clones in 238 

growth rate at each temperature. According to the Tukey post hoc tests, 239 

- 15 °C, Int2 clone had significantly faster growth than clone Warm2, while the other four 240 

clones showed intermediate patterns; 241 

- 20 °C, clones Int2 and Warm2 grew significantly faster than clone Int3; 242 

- 25 °C, Cold clone performed significantly better than clones Int2, Int3 and Warm1; 243 

- 30 °C, clone Warm1 grew faster than clones Warm2 and Int3, and clones Cold and Int1 244 

performed better than clone Int3 (Fig. 2A). 245 

All rotifers were smaller with higher temperature (slope = - 0.11, R
2

(adj) = 0.34, p < 0.001), and 246 

significant differences among clones existed in all but the 30 °C treatment (Fig. 2B). Generally, 247 

clone Int3 was the largest across the regimes, while the smallest were both warm clones. The 248 

Cold clone presented an intermediate pattern together with the remaining two Int clones. 249 

The analysis of the across-temperature ability to proliferate and to plastically respond (Table 2) 250 

showed the opposite effect of temperature. The interclonal comparison of these two temperature-251 
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dependent effects (with the strength of the size-to-temperature response presented as a positive 252 

effect for the sake of clarity), with the clones pooled within the thermal acclimation groups (N = 253 

3), showed a general lack of relationship (slope = -0.087, R
2
 = 0.198, p = 0.38; Fig. 3). The 254 

population growth rate was not different across specialization (F(2,3) = 1.39, p = 0.37; Fig. 3, x-255 

axis), while a significant difference occurred in the case of the strength of TSR across groups 256 

(F(2,3) = 27.53, p = 0.012; Fig. 3, y-axis). Clones acclimated to intermediate temperature displayed 257 

a significantly stronger (according to Tukey’s HSD test) size-to-temperature response than warm-258 

acclimated clones, while Cold clone represented an intermediate pattern. 259 

 260 

Discussion 261 

In this study, we present the interclonal link between thermal preference, ability of plastic 262 

response and fitness to elucidate the issue of ecological trade-offs. First, in hypothesis H1, we 263 

tested whether thermal acclimation could be referred to as thermal preference in the six 264 

investigated clones. According to our predictions, the cold-acclimated clone was larger than the 265 

two warm-acclimated clones (Fig. 1A). The three clones acclimated to intermediate temperature 266 

represented a wide range of sizes, although they were consistently larger across temperatures than 267 

warm-acclimated clones (Fig. 1A), also in accordance with our predictions. We expected the 268 

Cold clone to be the largest, which was not the case; however, based on the size measurements 269 

from the stock populations, only one Int clone appeared larger than the Cold clone (Fig. 1A). 270 

Therefore, we generally validated our assumption that it is justified to refer to thermal preference 271 

instead of thermal acclimation in our further interpretation of the results. Additionally, this result 272 

confirms the adaptive nature of body size linked to temperature at the interclonal level along with 273 

the previous interspecific patterns found for three species representing the Brachionus plicatilis 274 
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cryptic species complex (Walczyńska and Serra 2014) and five species of free-living nematodes 275 

(Majdi et al. 2019). 276 

Regarding hypothesis H2 on the relationship between thermal preference and fitness across 277 

temperature, warm clones were the poorest performers at cold temperatures and were 278 

considerably better at higher temperatures, especially Warm1 (Warm2 appeared to have a thermal 279 

optimum closer to 25 °C than to 30 °C; Fig. 2A). The cold-acclimated clone performed notably 280 

well at high temperatures but was an intermediate performer at the lowest temperature. Int-clones 281 

showed different patterns, with Int1 and Int2 performing relatively well at all temperatures (a 282 

clear generalist strategy) and Int3 performing poorly in all thermal regimes (Fig. 2A). Our results 283 

suggest that specialization is restricted to warm-acclimated organisms rather than to mid-284 

temperature-acclimated organisms, which present the strategy of generalists, thus partly 285 

confirming our predictions in H2. The case of the Cold clone is more complicated. At the lowest 286 

temperature, it had higher fitness than warm-acclimated clones but similar or lower fitness than 287 

Int clones. However, it is important to note that the lowest experimental temperature was not the 288 

one to which a Cold clone was acclimated, and using a temperature below 15 °C might result in 289 

the Cold clone displaying higher fitness than other clones, the prediction supported by the pilot 290 

study presented in the supplementary materials (Fig. S1). Such a thermal regime was not planned 291 

in the study because it was previously reported that the minimum temperature for the 292 

proliferation of a clone referred to here as Warm1 was 11 °C (Walczyńska et al. 2016). 293 

Therefore, we set the lowest thermal regime to 15 °C to compare the positive proliferation of all 294 

six clones. The result we obtained for a Cold clone confirms the classical models in which 295 

organisms acclimated to the use of a wider range of resources perform better (originally, they 296 

outcompete) those of a narrower range (Tilman 1982). Our Cold clone was acclimated to the 297 

usage of resources at the lowest thermal regimes (down to 8 °C), unlike all the others. This result 298 
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is more in keeping with the findings described by Zamorano et al. (2017), with cold-preferring 299 

organisms performing notably well in the whole range studied, than with the findings reported by 300 

Majdi et al. (2019), with the largest species performing well only in the coldest regime. Perhaps 301 

there are other factors that cause the discrepancies among these studies; one of the most possible 302 

factors is body size. Our results on clone-specific body size show that it is better not to be the 303 

largest but rather to have an intermediate size, unless the temperature is high. In this way, we 304 

solved the conflict in the haiku in Kingsolver and Huey (2008): Bigger is better. And hotter 305 

makes you smaller. Hotter is better. The solution is that hotter is better, but only for smaller, a 306 

result previously achieved for the L. inermis rotifer (Walczyńska et al. 2015a). This result was 307 

obtained in the context of oxygen as a driving factor in the TSR, as theoretically assumed 308 

(Atkinson et al. 2006; Verberk et al. 2011), and provides one of the limited confirmations of the 309 

adaptive role of small size under a combination of high temperature and low oxygen availability. 310 

In this study, six clones of Lecane inermis rotifer displayed a consistent decrease in size with 311 

increasing temperature regardless of their thermal acclimation and the resulting thermal 312 

preferences. The relationship between the strength of this response and thermal specialization 313 

(hypothesis H3) showed that clones acclimated to medium temperature displayed a stronger 314 

decrease in size with increasing temperature than cold- and warm-specialized clones (Table 2, 315 

Fig. 2B). This pattern was not a compensation of size plasticity for the thermal sensitivity of the 316 

population growth rate because their relationship indicating a possible trade-off was not 317 

significant (Fig. 3). However, this result may be attributable to a small sample size, and the 318 

possibility of such compensation cannot be fully excluded. Both Cold and Warm clones 319 

displayed a weaker size-to-temperature response than Int clones, showing that the strength of this 320 

plastic reaction is not just a linear effect of acclimation temperature. 321 
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The thermal regimes were chosen to reflect the optimal thermal range previously invoked to 322 

designate the frames for TSR performance (Atkinson et al. 2003; Walczyńska et al. 2016). Thus, 323 

the responses we examined were not the result of exposure to stressful conditions on any end of 324 

thermal range, and they therefore did not deviate from the TSR in a classical sense. In addition, 325 

we link this pattern with thermal preferences and the level of thermal specialization. We show for 326 

the first time that organisms acclimated to intermediate temperature performed relatively well 327 

across temperatures, thus confirming the theoretical prediction that intermediate phenotypes as 328 

generalists (DeWitt and Langerhans 2004) display stronger TSR responses than specialists. This 329 

result presents the first empirical confirmation of the previous speculations made for three 330 

Brachionus plicatilis sister species (Walczyńska and Serra 2014). 331 

The set of hypotheses stems from the theoretical predictions on generalist-specialist trade-offs in 332 

the context of adaptation to thermal conditions. Accordingly, the most beneficial temperature is 333 

expected to be the one to which an organism was acclimated (beneficial acclimation hypothesis, 334 

BAH; Leroi et al. 1994). Alternatively, the adaptation may refer only to low temperature 335 

acclimation (colder is better, CIB), hot acclimation (hotter is better, HIB), optimal (intermediate) 336 

temperature (optimal developmental temperature hypothesis), and other variants (reviewed in 337 

Deere and Chown 2006). However, none of the variants was found to be universal. Our results 338 

generally confirm the beneficial acclimation hypothesis (BAH) – clones exposed for a long time 339 

to specific thermal conditions display a preference (= perform better) for these conditions – but 340 

this effect is not consistent within a thermal continuum. The second-to-largest Cold clone was the 341 

best performer across the regimes, confirming the results found previously for parasitoids 342 

(Zamorano et al. 2017) and thereby confirming the colder-is-better hypothesis (CIB). On the 343 

other hand, Warm clones, the smallest, confirm the previous positive results for hotter-is-better 344 

(HIB) (Kingsolver 2009; Knies et al. 2009). The difference in these two clones is that Warm1 345 
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was previously reported to have a very high optimal temperature despite its origin from a 346 

temperate region, while Warm2 was assumed to be Warm-acclimated because of its origin from 347 

the Mediterranean region (Table 1). Interestingly, in light of our results, the Warm1 clone was 348 

more specialized at high temperatures than Warm2. Two mid-sized medium temperature clones 349 

performed relatively well and evenly in the thermal range studied, reflecting a clear generalist 350 

pattern, and a similar result was obtained for mid-sized nematode species (Majdi et al. 2019). Our 351 

largest clone, also acclimated to intermediate temperature, exhibited the poorest performance of 352 

all (though best at the lowest temperature as relative to other clones). Regarding nematodes, the 353 

largest species showed notably poor growth in all other regimes compared with the other four 354 

species, although it had the highest fitness in the coldest temperature (Majdi et al. 2019). These 355 

results are in contrast to previous reports (Geister and Fischer 2007; Kingsolver and Huey 2008) 356 

and show that larger sizes are not always better. Our novel contribution to the discussion of the 357 

superiority of the BAH, CIB or HIB hypotheses is that the answer is context-dependent, and that 358 

context is the level of thermal specialization of the investigated organisms. 359 

The additional information on the reproductive traits shed light on the interclonal differences in 360 

general life strategies. In contrast to the optimal theory models (Fox and Czesak 2000; Honĕk 361 

1993; Parker and Begon 1986), we found no interclonal trade-off between female size and egg 362 

size (Fig. 1A) or between female lifespan and fecundity (Fig. 1B), though such trade-offs cannot 363 

be excluded at the level of individuals. The most apparent trade-off we found was allocation in 364 

reproduction vs. ability to proliferate across temperature between specialists and generalists. The 365 

cold-acclimated clone was the most fecund, and the two smallest, warm-acclimated clones 366 

displayed an intermediate pattern, while intermediate temperature-acclimated clones displaying 367 

the generalist strategy (evenly good performance at all temperatures) were the shortest-living and 368 
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thus the least fecund at the temperature assumed to be optimal (Fig. 1B). Therefore, the 369 

specialization showed some signs of the jack of all trades, master of none (Huey and Hertz, 370 

1984) pattern; clones specialized to warm performed either extremely poorly at the lowest 371 

temperature (clone Warm2) or extremely well at the highest temperature (clone Warm1), while 372 

two of the medium clones, with the exception of the largest one, performed relatively well across 373 

all of the regimes. The interpretation of cold preference is not straightforward because we had 374 

only one clone previously acclimated to low temperature. However, our results on the population 375 

growth rate (including the thermal extension from a pilot study provided in the supplement) as 376 

well as the data on fecundity together suggest that our cold-preferring clone may also be 377 

perceived as a specialist.  378 

The results showed that 30 °C was optimal (= gave the highest mean performance) for two 379 

clones, Warm1 and Int2. However, in the case of the remaining three clones, the difference in 380 

performance between 25 °C and 30 °C was relatively small, and in each case, the value achieved 381 

at 30 °C was much higher than that at 20 °C (Fig. 2A). Therefore, the discrepancy between 30 °C 382 

and the real optimal temperature for all six clones should not considerably affect the results on 383 

fecundity, which we assumed to measure at the optimum. 384 

Our results provide a new scientific perspective on the issue of the performance of generalists vs. 385 

specialists: specialists allocate more in reproduction and are therefore more fecund than 386 

generalists at optimal temperatures, while generalists display stronger plastic size response to 387 

temperature (the temperature-size rule). This result shows a possible empirical solution to the 388 

distinction between specialists and generalists first introduced by Levins (1968): specialists 389 

allocate more in reproduction at optimal temperatures, while generalists invest in plastic 390 

responses across environments.  391 
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Table 1. Description of the origin and the thermal conditions of the maintenance (= acclimation) 503 

preceding this study for the experimental clones of Lecane inermis rotifer. WWTP – wastewater 504 

treatment plant 505 

code description thermal 

preferences 

Int1 isolated in WWTP1 in Poland in 2014, maintained at 15 °C intermediate 

Int2 isolated in WWTP1 in Poland in 2014, maintained at 15 °C intermediate 

Int3 isolated in WWTP1 in Poland in 2014, maintained at 15 °C intermediate 

Warm1 isolated in WWTP2 in Poland in 2010, maintained at 20 °C warm
a
 

Warm2 isolated in WWTP near Barcelona, Spain in 2011, maintained 

at 20 °C 

warm 

Cold isolated in WWTP3 in Poland in 2015, maintained at 8-10 °C 

for 10 months, later transferred to 15 °C 

cold 

a
optimal temperature estimated at 31 °C by Walczyńska et al. (2016) 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 
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Table 2. Statistics for the estimation of the slopes for population growth rate and size across 514 

temperature. 515 

trait Clone slope R
2

(adj) t (df) p 

p
o
p

u
la

ti
o
n

 g
ro

w
th

 r
a
te

 

Cold 0.083 0.65  4.63 (10)    0.00093 

Int1 0.068 0.82  7.07 (10)    0.00003 

Int2 0.041 0.69  5.03 (10)    0.00051 

Int3 0.028 0.29  2.27 (9)    0.04964 

Warm1 0.084 0.79  6.42 (10)    0.00008 

Warm2 0.053 0.71  5.22 (10)    0.00039 

      

T
S

R
 

Cold -0.021 0.33 -8.33 (140) < 0.000001 

Int1 -0.022 0.43 -9.09 (108) < 0.000001 

Int2 -0.025 0.52 -11.39 (117) < 0.000001 

Int3 -0.023 0.29 -6.52 (101) < 0.000001 

Warm1 -0.015 0.27 -7.23 (136) < 0.000001 

Warm2 -0.014 0.22 -5.75 (111) < 0.000001 

 516 

 517 

 518 

 519 

 520 
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Table 3. The mean body and egg size for studied clones for individuals sampled from the 521 

common garden stock at 25 °C. Ordered from the smallest to the largest clone. 522 

clone Female size (µm
2
) 

mean ± SE; N 

Egg size (µm
2
) 

mean ± SE; N 

Warm1 2517 ± 32; 55 2147 ± 25; 30 

Warm2 2665 ± 46; 55 2098 ± 25; 29 

Int2 2799 ± 40; 55 2201 ± 28; 30 

Int1 2812 ± 42; 54 2078 ± 34; 29 

Cold 2848 ± 56; 54 2182 ± 24; 30 

Int3 3019 ± 54; 53 2210 ± 33; 24 

 523 

 524 

 525 
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Figure legends 533 

Fig. 1. Relationships among life history traits for six clones of Lecane inermis rotifer: female 534 

body size and egg size measured from the stock populations at 25 °C (A), female lifespan and 535 

total number of eggs laid per female estimated at the temperature of 30 °C assumed optimal (B). 536 

Thermal adaptation distinguished by color. Means ± SE 537 

Fig. 2. Interclonal response to temperature in six clones of Lecane inermis rotifer: population 538 

growth rate r (A) and temperature-size rule response (B). Means ± SE. 539 

Fig. 3. Relationship between the slopes of the following: increase in population growth rate r (x) 540 

and of body size decrease (the absolute values of the negative slopes; y) across temperature. Each 541 

point represents a clone with its thermal adaptation distinguished by color. slope ± SE 542 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 9, 2020. ; https://doi.org/10.1101/2020.04.08.031286doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.08.031286
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 
 

Fig. 1. 
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Fig. 2. 
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Fig. 3. 
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Figure S1. Pilot results (J. Starzycka, unpublished) for the three clones out of six investigated in 

this report. The population growth rate was estimated at 8, 15 and 20 °C, in the 10 three-day 

periods, for eight replicates per clone. The data show the mean value from nine estimates 

(excluding the first, 0-3 days estimate), across the replicates. Mean ± SD 
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